In our studies of the location and biosynthesis of murine toxin of Pasteurella pestis, we attempted to find mechanisms which regulate the production of this protein. We previously reported that synthesis of toxin is selectively inhibited during growth at 37 C (Montie and Ajl, 1964) . In initiating these studies, we examined a number of metabolic inhibitors in an effort to separate toxin from total protein synthesis. The utilization of tryptophan analogues proved most effective for this purpose.
A number of investigators reported the selective action of tryptophan analogues on protein synthesis. Mach, Reich, and Tatum (1963) showed that the synthesis of the polypeptide antibiotic, tyrocidine, was sensitive to phenylalanine and tryptophan analogues. Pardee and Prestidge (1958) found that 5-methyltryptophan (5-MT) caused complete inhibition of D-serine deaminase and aspartate carbamyltransferase formation. Partial inhibition of these enzymes by 7-azatryptophan (7-AZA) was observed. Thang, Williams, and Grunberg-Manago (1963) showed that 5-MT inhibited some protein but not polynucleotide phosphorylase synthesis. In the light of these findings, it has become increasingly clear that tryptophan analogues may regulate protein biosynthesis in a specific and selective manner in addition to their role in end-product inhibition. The emphasis in this study was to elucidate a control mechanism of toxin formation relative to general protein synthesis. Experiments involving the site of action of tryptophan analogues in the tryptophan pathway were performed with the purpose of substantiating their roles as inhibitors of tryptophan synthesis in P. pestis, thereby relating their action in selective protein control to a common mechanism, tryptophan depletion.
MATERIALS AND METHODS
Tryptophan analogues and precursors. The following commercial preparations were used: 4-, 5-, and 6-methyltryptophans (Mann Research Laboratory, New York, N.Y.) ; 7-azatryptophan (Nutritional Biochemicals Corp., Cleveland, Ohio); 5-fluorotryptophan (K & K Laboratories, Jamaica, N.Y.); indole (Fisher Scientific Co., Pittsburgh, Pa.); anthranilic acid (Calbiochem); and shikimic acid (Nutritional Biochemicals Corp.) .
Bacterial culture and growth. The organism employed was the avirulent strain "Tjiwidej" which shows no requirement for tryptophan. A defined medium consisting of phenylalanine, methionine, valine, threonine, isoleucine, glucose, salts, and vitamins was used in all experiments. Further details for medium preparation and culture of the organism were given previously (Montie and Ajl, 1964 Spheroplasts were formed by adding 1% glycine and 10% sucrose to standardized cells in the defined medium and incubating for 7 to 11 hr. Procedures for obtaining membrane and cytoplasmic fractions were as described (Montie and Ajl, 1964) , except that the spun spheroplasts were broken by osmotic lysis followed by lyophilization, instead of by the somewhat more severe Teflon-pestle homogenization method.
Preparation of whole-cell extracts. Cells centrifuged from 40 ml of medium were resuspended in 20 ml of 0.054 M phosphate buffer, and were broken in a Raytheon 10-kc sonic disintegrator set at 1.05 amp for 5 min. This treatment was sufficient to obtain complete cell breakage and release membrane-bound toxin (Montie and Ajl, 1964) . The entire homogenate was used for toxin or reduced nicotinamide adenine dinucleotide (NADH) oxidase assay, or both.
Assay systems. Toxin was assayed as previously described (Montie and Ajl, 1964) by injecting intraperitoneally into mice the homogenate from sonically treated cells, soluble cytoplasmic protein, or finely suspended membrane material. The relative toxin to total protein content was expressed in terms of micrograms of Lowry protein required for an LD50. Protein was determined by the modified Lowry procedure of Oyama and Eagle (1956) . Tryptophan was measured by the methods of Spies and Chambers (1949) . Nitrogen was determined by a microKjeldahl-Nessler method of Miller and Miller (1948) . NADH oxidase content was measured by recording the rate of decrease in absorbancy at 340 mA resulting from the oxidation of NADH. The acrylamide gel electrophoresis technique employed was modified from the method of Ornstein and Davis (1962) . Nitrogen, tryptophan, and gel electrophoresis procedures were performed on lyophilized, well-dialyzed, 100% ammonium sulfate precipitates of the extracts from sonically treated cells.
Isolation of toxin from cell autolysates. Organisms were incubated for 7 days on casein hydrolysate medium of Englesberg and Levy (1954) . The cells were centrifuged and the murine toxin was fractionated by ammonium sulfate precipitation as described by Kadis, Ajl, and Rust (1963) . Final purification was carried out by a continuous-flow electrophoresis over glass microbeads according to the procedure of Winsten, Friedman, and Schwartz (1963) .
RESULTS
Tryptophan analogues as inhibitors of growth and toxin formation. Our initial objective in employing the various tryptophan analogues and other inhibitors was to achieve conditions under which total growth was inhibited only partially after a 4-to 5-hr period. This allowed for differential protein synthesis to occur. Figure 1 illustrates the type of inhibition resulting from addition of analogues to washed cells. The growth of P. pestis was much more sensitive to the 6-methyl analogue than to 7-AZA or to 5-fluorotryptophan (5-FT) used at relatively high concentrations. With the use of other analogues, the following order of relative specific activity was found: 4-MT > 5-MT, 6-MT > 7-AZA > -5-FT. During the 4-to 5-hr growth period, 5-FT inhibited growth only 10 to 15%, even at concentrations of 40 to 50 ,g/ml.
Determinations In all cases, toxin synthesis was much more sensitive to 20 ,ug/ml of the analogues than was general protein formation. The methyl analogues were more effective per mole than were 7-AZA and 5-FT in inhibiting toxin and total protein synthesis. With the methyl analogues, it was noted that maximal interference of toxin synthesis could be achieved at the level of 30 to 40 ,g/ml.
Below these levels, approximately 5 to 30 jig/ml, toxin inhibition increased in proportion to analogue concentration. In other experiments, we found that 40 to 50 /Lg/ml of 7-AZA and 5-FT inhibited toxin synthesis to the same degree as did 20 ,ug/ml of the methyl analogues; 40 ,ug/ml of DL-tryptophan or L-tryptophan had no effect on protein or toxin formation.
The observation that 7-AZA and particularly 5-FT showed little effect on growth or total protein synthesis, but inhibited toxin synthesis, suggested that these analogues substitute for tryptophan in some proteins but not in others, as appears to be the case with the toxin. Sypherd and DeMoss (1963) reported that 5-MT preferentially inhibited the formation of f-galactosidase only in cells slowed to sublogarithmic rates of growth by the analogue. Inhibition of growth at the logarithmic phase had no effect on the preferential inhibition of this enzyme. They concluded that catabolite repression was responsible for the effect in growing cells induced by analogue treatment. Adding analogues to logarithmically growing cells of P. pestis, reducing the growth rate to a slower "log" rate, produced the same effects as did the addition of these compounds to washed cells (Fig. 3) . Growth was inhibited and toxin formation was selectively limited, as indicated by a 100% increase in the LD50 of protein from treated cells. It was concluded from these results, from the results showing the nonselective effects of other growth inhibitors, and from the previously noted selective effect of 5-FT on toxin synthesis without growth depression that tryptophan analogue inhibition of toxin production is not a result of the action of a nonspecific control mechanism induced by variation in the growth rate.
Antagonism of analogue bacteriostatic action and the selective inhibition of toxin. To confirm that the mechanism of action of these analogues focuses at the site of tryptophan synthesis or utilization, tryptophan was added along with the various analogues. Figure 4 shows the results that are representative of the effects of tryptophan on methyltryptophan inhibition. Concentrations as low as 1.0 ,ug/ml of L-tryptophan were as effective as 10 ,ug/ml in reversing growth inhibition by 20 Ag/ml of 4-MT. Inhibition of toxin synthesis was completely reversed at this low concentration of tryptophan (Fig. 4) . Moyed and Friedman (1959) with Escherichia coli and Ames (1964) with Salmonella typhi- plus anthranilic-treated cells than in cells treated with the 4-methyl analogue alone (Table 2 ). In contrast, shikimic acid antagonized only partially the effect of this methyl analogue. The selective effect of 4-MT on toxin synthesis was reversed completely by shikimic acid, but growth inhibition was only partially prevented. The effect of anthraniliate and shikimate remain to be explored. In view of the action of 4-MT on the synthesis of anthranilate in mutants of E. coli (Trudinger and Cohen, 1956) , one would expect anthranilate to be a better antagonist than shikimate. However, it is interesting that these authors also reported an enhancement of the 4-MT effects by anthranilate with some E. coli strains, without shikimate being tested. The anthranilic acid-4-MT toxicity suggests that a more complete block of tryptophan synthesis and utilization takes place in the presence of both compounds.
Examination of toxin content in extracts from analogue-treated organisms. A modified acrylamide gel electrophoresis technique was employed in attempts to demonstrate that the actual amount of toxin synthesized is decreased in analogue-treated cells. (A study of murine toxin by use of a modified acrylamide gel electrophoresis technique will be described in a separate report by Montie, Montie, and Ajl, J. Exptl. Med., in press).
Toxin isolated from cell autolysates was further assayed by acrylamide gel electrophoresis for the purpose of these experiments. By this method, the presence of two toxic protein bands was revealed. The possible relationship of these two bands to pure toxin will be described by Montie et al. (in press ). These two toxic bands were identified in ammonium sulfate extracts from sonically treated organisms that were grown on synthetic media. The bands were identified by comparing the relative mobilites with "known" corresponding toxin bands and by injecting mice with homogenized discs of acrylamide containing the unknown protein.
Amounts of toxin from analogue-treated, analogue with indole-treated, and control cells were compared by use of the modified disc electrophoresis technique (Fig. 5) In addition, protein extracts from P. pestis cells grown at 37 C for 4 to 5 hr, a treatment which also results in a selective inhibition of toxin synthesis (Montie and Ajl, 1964) , show a reduction in band A. Thus, the temperature experiments tended to confirm the correlation between reduced toxin activity initiated by metabolic changes and detected by mouse assay, and a diminished content of toxin protein as assayed by gel electrophoresis.
Inhibitory effects of analogues on spheroplast toxin content. Toxin obtained from spheroplast fractions suggested that the protein toxin referred to as band A of the disc electrophoresis assays is associated with the membrane fraction of the cell; but the faster-moving band, band B, is largely associated with the cytoplasmic fraction. The presence of particulate contaminants interfered with resolution of membrane protein components, thus preventing an unquestionable identification of membrane toxin with band A. Also, in some cases, the membrane fraction contained small amounts of band B. To further confirm the above suggestions, intact cells were converted to spheroplasts in the presence of tryptophan analogues. Low concentrations of methyl analogues were employed to allow for complete conversion of whole cells to spheroplasts. The spheroplasts were lysed, and the homogenate was separated into supernatant and cytoplasmic fractions by centrifugation. The results of mouse injection of these fractions are tabulated in Table 3 . The formation of membrane toxin was preferentially inhibited. The cytoplasmic or soluble toxin was inhibited to the same degree as was total protein. Consequently, these results present evidence further confirming the identity of membrane-associated toxin with the tryptophan-analogue sensitive band A. Effects of tryptophan analogues on a particulate system, NADH oxidase. The enzyme NADH oxidase was found to be almost entirely associated with the membrane fraction of spheroplasts of P. pestis (unpublished data). It was thought that certain membrane-situated proteins along with membrane-located toxin might be more susceptible to tryptophan analogues than to cytoplasmic protein. The purpose here was to test the above possibility and, in addition, to correlate protein synthesis with formation of another specific protein under the influence of tryptophan analogues. The activity of NADH oxidase was determined in both homogenates from sonically treated cells and membranes isolated from spheroplasts with the use of three different analogues. The results from both types of experiments were in general agreement (Table  4 ). The formation of NADH oxidase was inhibited to approximately the same extent as was total protein synthesis by 5-MT; 4-MT inhibited only to a small degree, i.e., 10 to 16%. The enzyme was most sensitive to 5-FT, which inhibited selectively over 20%. The ineffectiveness of the two methyl analogues in selectively controlling the synthesis of this enzyme suggested that the decreased activity of the enzyme in cells treated with 5-FT resulted from some factor other than tryptophan depletion.
Tryptophan determinations of protein from analogue-treated cells. Tryptophan determinations were made on protein from analogue-treated and -untreated cells (Table 5 ). It is evident that the tryptophan content of the protein varied with the effectiveness of the inhibitors. Protein from cells treated with 4-MT showed an 18% or more decrease in tryptophan. An increase in the tryptophan content also paralleled reversal of growth and toxin inhibition by indole. It should be noted that differences in tryptophan content of protein from treated and untreated cells may be more significant, because tryptophan present in protein at the beginning of the experiment was not included in these figures (Table 5) . After 4 to 5 hr of growth, tryptophan initially present would represent approximately 20 to 25% of the total, assuming that this initial tryptophan remained in the protein of the cell.
DIscussIoN
The evidence that the action of methyl analogues is reversed by indole and tryptophan, and that under these conditions tryptophan-deficient protein is synthesized, indicates that these compounds are expressing their primary effects in P. pestis by producing a tryptophan-deficient system. It was shown by Pardee and Prestidge (1958) and Sharon and Lipmann (1957) (Richmond, 1962) , allowing it to be readily substituted for tryptophan in the cell. However, experiments with gel electrophoresis indicated that the amount of toxin formed in the presence of 5-FT is decreased, thus tending to repudiate the incorporation theory as made in the case of toxin. The results from tryptophan analyses of protein made in the presence of this analogue show very little tryptophan depletion. Since we observed preferential inhibitory effects, and since 5-FT gave a positive reaction in the Spies and Chambers procedure (unpublished data), we are assuming that some of this analogue is utilized in place of tryptophan. The question remains to be answered why 5-FT does not substitute for tryptophan in the formation of toxin.
In our initial investigations, no evidence was available to suggest that membrane and cytoplasmic toxin were not identical (Montie and Ajl, 1964 
